sampling of 56 centers in Germany, a minority (16%) of institutions routinely used radiotherapy after GTR of atypical meningiomas. 15 To better address this problem and develop a treatment paradigm for postoperative management of atypical meningiomas, we retrospectively reviewed our 10-year surgical experience by comparing the rates of tumor recurrence after STR or GTR and by examining the role of postoperative radiotherapy in prevention of recurrence. Finally, we identified prognostic factors associated with recurrence in hopes of refining future management.
Methods

Patient Selection
In this retrospective cohort study of 779 patients who underwent resection of intracranial meningiomas at the University of Cincinnati Medical Center between 1999 and 2009, 90 men and women had pathology-confirmed Grade II atypical meningiomas and at least 1 year of follow-up. Extent of resection was based on both the surgeon's impression during surgery and our review of the first postoperative MRI scans. All pathology slides were reviewed or re-reviewed by a single neuropathologist (A.K.), and all cases were confirmed as Grade II atypical meningioma by WHO 2007 criteria. All patients who received radiation therapy postoperatively underwent fractionated stereotactic radiotherapy by linear accelerator (median dose 59.4 Gy, range 50.4-60.0 Gy) delivered to the tumor bed in 1.8-to 2.0-Gy fractions. This study was approved by the institutional review board at the University of Cincinnati.
Parameters Assessed
Tumor size was determined by evaluation of the preoperative MR images, measuring along the longest axis and rounded to the nearest millimeter. Tumor locations were classified into one of 5 categories: convexity, falx/ parasagittal, sphenoid wing, midline anterior skull base, or other. Simpson Grade I-III resections were considered GTRs, whereas Grade IV resections were considered STRs. In determining which factors were associated with tumor recurrence, 14 possible variables were included in the analysis: 1) patient age, 2) sex, 3) tumor location (falx/parasagittal, midline anterior skull base, others, and convexity), 4) tumor size, 5) MIB-1, 6) mitotic index, 7) hypercellularity, 8) small cells, 9) sheeting, 10) prominent nucleoli, 11) necrosis, 12) brain invasion, 13) radiation therapy, and 14) extent of resection as STR or GTR.
Statistical Analysis
Quantitative variables were described using mean, standard deviation, and range, and nonnormal quantitative variables were described using median and range. Categorical variables were described using frequency and percentage. Recurrence-free survival was measured from the date of surgery to either the date of recurrence for patients after GTR or progression after STR. Patients who had no recurrences at the end of follow-up were considered as censored. Overall survival was measured from the date of surgery to death. Patients who did not die at the end of follow-up were considered as censored. Median survival at 1, 2, and 5 years by 95% CIs were calculated for recurrence-free and overall survival. The log-rank test was used to compare the recurrence-free survival according to categorized factors.
Factors associated with recurrence were assessed using univariate and multivariate Cox proportional hazards model. Proportionality assumption was assessed using the Schoenfeld test. The significant cofactors at 10% level of significance under univariate analysis were included in stepwise multivariate Cox analysis. Results of Cox analysis were reported using HRs with 95% CIs and p values. Kaplan-Meier curves were constructed for rates of overall survival solely and for the combined overall survival and recurrence-free survivals; these curves were constructed according to treatment groups. Recursive partitioning analysis (RPA) was performed for time to recurrence outcome using the "rpart" package (R 2.12.1). All p values ≤ 0.05 were regarded as significant. Other statistical analyses were conducted using STAT version 12.1 and SAS version 9.3.
Results
A total of 90 patients (34 men and 56 women; mean age 56.9 ± 13.4 years, range 22-83 years) with pathology-confirmed Grade II atypical meningiomas underwent resection ( Table 1 ). The most common tumor locations were convexity (47.8%) followed by falx/parasagittal (21.1%). Tumor size averaged 4.8 ± 1.5 cm (Table 2) . Patients underwent follow-up for a median of 48.7 months (range 12-108 months); more than half of the patients (52%) underwent follow-up either to recurrence or for at least 4 years after resection. The overall survival for our 90 patients after resection was 96% at 5 years (Fig. 1) ; 17 (19%) of these patients had tumor recurrence on average within 31 months (range 7-82 months). Recurrence-free survival rates were 96.7% at 1 year, 91.3% at 2 years, and 81.1% at 5 years.
Of the 71 tumor resections (79%) categorized as Simpson Grade I-III resections and deemed GTR, 17 patients (24%) received postoperative adjuvant radiotherapy. Recurrences developed in 2 (12%) of these 17 patients and in 9 patients (17%) without radiation therapy; the 5-year recurrence-free survivals were 74% and 65%, respectively, and this difference was not statistically significant (p = 1.00).
Of the 19 patients undergoing Simpson Grade IV tumor resections, 14 (74%) received adjuvant postoperative radiotherapy. Of these 14 patients, only 1 (7%) patient developed a recurrence at 22 months. Recurrences developed in 5 patients without radiation therapy (91% vs 20% recurrence-free survival at 5 years, respectively); this difference was statistically significant (p = 0.0016).
Factors Associated With Tumor Recurrence
In unadjusted analysis, MIB-1, mitotic index, sheeting, necrosis, and STR were found to be associated with recurrence-free survival, whereas age and radiation therapy were borderline significant (Table 3) . In multivariate analysis, the 5 factors independently predictive of tumor recurrence included mitotic index (HR 1.24, p = 0.004), sheeting (HR 6.55, p = 0.002), necrosis (HR 6.05, p = 0.004), lack of radiation therapy (HR 0.02, p = 0.0001), and STR (HR 5.31, p = 0.007) ( Table 4) . Subgroup analysis revealed that adjuvant radiation more significantly reduced the risk of tumor recurrence in the STR population (p = 0.0016, Bonferroni adjusted log-rank test). In evaluating the extent of resection on tumor recurrence, we found that patients fared better after GTR than STR (Fig. 1 ).
An RPA was performed to identify which factors make patients most susceptible to recurrence (Fig. 2) . The HR of recurrence was 1.61 for older patients (> 55 years)-a rate that increased to 2.98 when these patients showed evidence of mitotic activity on tumor histology. Finally, this risk was highest at 3.66 for patients older than 55 years who had both mitotic activity and sheeting on tumor histology.
Discussion
In our retrospective cohort study of recurrence rates after resection in 90 patients, representing one of the largest series of surgically treated atypical meningiomas to date, postoperative radiation therapy effectively lowered the risk of recurrence after STR but not after GTR. In multivariate analysis of 14 factors that could affect recurrence, 5 factors independently predictive included mitotic index, sheeting, necrosis, radiation therapy, and STR. Furthermore, RPA of patients showed a significant increase in the risk of recurrence for patients older than 55 years with mitoses and with sheeting.
The clinical care of patients with atypical meningiomas remains controversial and is a pressing problem for clinicians. Since the implementation of the 2000 WHO grading changes, the incidence for these tumors has been increasing. In our study of 779 meningiomas, 120 tumors (15.4%) were graded as atypical-a rate similar to incidence data from other published series that range from 4.7% to 23%. 1, 9, 17, 18 As pathology grading continues to change, earlier studies are less relevant. Our study is strengthened by the fact that all cases were reviewed by a single neuropathologist, who then re-reviewed all pathology slides according to the 2007 WHO guidelines for tumor grading. In a retrospective audit of meningioma grading performed in the United Kingdom using pre-and post-2000 WHO guidelines, Willis et al. noted a 20.4% incidence rate for atypical meningiomas; importantly, 38% of the Grade II meningiomas had originally been classified as Grade I using the pre-2000 WHO guidelines. 19 In another retrospective audit, Smith et al. reported atypical meningioma grading increased from 18% to 23%. 17 However, the limitations of earlier studies were the combination of both atypical and anaplastic meningiomas and mixture of both pre-and post-2000 WHO guidelines.
5,6,10,11 Based on these inconsistencies, drawing concrete conclusions is difficult regarding the role of different therapies in tumor recurrence for atypical meningiomas.
Atypical Meningioma Recurrence
Resection has always been and remains one of the most important treatment modalities for meningiomas, whether WHO Grade I, II, or III. Multivariate analysis in this study confirmed that extent of resection was particularly important; this finding concurred with other studies that indicate extent of resection is a strong prog- nostic factor for tumor recurrence in all grades of meningiomas. 3, 10, 14, 16 The importance of extent of resection is further reinforced by the proclivity for Grade II meningiomas to occur in areas where GTR is often easier to achieve. Most of the atypical meningiomas in our patients occurred in the convexity (48%)-a location where most (79%) could then undergo complete resection.
Although the importance of extent of resection appears clear in reducing the risk of recurrence, consensus is lacking, even in the most recent reports, regarding the role of adjuvant radiation after resection. In a 2009 study, Aghi et al. found a high rate of recurrence (41%) for atypical meningiomas 5 years after GTR; although their data did not show a statistically significant effect, the authors ultimately found at least a suggested benefit for postoperative radiation in tumors after GTR. 1 In a 2011 study evaluating the role of postoperative radiotherapy for 114 patients after resection for atypical meningiomas, Mair et al. found that neither radiotherapy nor extent of resection statistically impacted recurrence for the entire group; these authors then recommended against postoperative radiotherapy for patients after GTR of their tumors. In our series, adjuvant radiation was administered after initial surgery to 31 patients, a segment that represented a large proportion of our study population. Therefore, our subgroup analysis did reach statistical significancean analysis that has been lacking in previous studies. Although radiotherapy significantly decreased the risk of recurrence among patients after STR, there was no statistical effect after GTR. Therefore, we advocate that, instead of routine radiation therapy, close observation after GTR for atypical meningiomas may be a potential therapeutic option. This also reserves the potential for other modalities, such as stereotactic radiosurgery, if and when there is a recurrence.
Study Limitations
As a retrospective review with no formal prospective treatment plan to define which patients were treated and/ or underwent radiation therapy, selection bias may have played a role in which patients received radiation therapy, especially in the GTR group. To better define this group, we performed RPA of GTR and found that recurrences affected 45% of patients older than 55 years with any evidence of mitotic activity; therefore, for this group, we suggest postoperative radiotherapy regardless of extent of resection.
Although a significant proportion (34%) of our patients underwent postoperative radiotherapy, no consistent protocol existed regarding the criteria for and timing of radiotherapy. Most patients did receive radiotherapy in a similar way, that is, fractionated radiation (median dose 59.4 Gy, range 50.4-60.0 Gy) delivered in 1.8-to 2.0-Gy fractions to the tumor bed. Our data suggest that radiation therapy can be withheld after GTR; however, given the 2 . Recursive partitioning analysis of 90 patients with Grade II (atypical) meningioma. The dependent variable was recurrence-free survival whereas independent variables were age, sex, tumor location, diameter, MIB-1 labeling index, mitotic index, histology, hypercellularity, presence of small cells, prominent nucleoli, sheeting, necrosis, brain invasion, resection grade, and radiotherapy. yoa = years of age.
limitations of a retrospective study, we definitely support the importance of a randomized, prospective trial to answer this issue. Until guidelines exist based on randomized, prospective trials, we suggest that radiation therapy can be withheld until the time of recurrence for patients who undergo GTR of an atypical meningioma and who do not fit high-risk criteria as defined by our RPA analysis (that is, age > 55 years and any mitotic activity).
In the future, more important than developing a general paradigm is to identify factors that predispose patients to suffer recurrence. Thus, the RPA performed in our study showed significantly increased recurrence in patients older than 55 years whose atypical meningiomas had evidence of any mitotic activity. Further study and research holds the potential for enabling the identification of molecular markers that could better indicate an increased risk of recurrence and need for radiation therapy, and thus facilitate a more personalized approach to these tumors.
Conclusions
The results of this study show that atypical meningiomas have a high recurrence rate after STR and that radiotherapy is beneficial in terms of decreasing that risk of recurrence. However, after GTR, the role of radiation is not as clear-there was no statistically significant benefit in terms of preventing tumor recurrence in our patients. A subgroup of patients at greater risk of recurrence was identified by RPA (age > 55 years and evidence of mitotic activity); for these patients, given the high rate of tumor recurrence, postoperative radiation is recommended for either STR or GTR. For all other patients, close observation after GTR by serial follow-up MRI and salvage treatment at recurrence by fractionated radiotherapy or stereotactic radiosurgery or further surgery is recommended.
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